Abstract: Improperly folded metal cofactor-containing proteins (e.g., copper chaperone for superoxide dismutase, CCS) are believed to play a key role in several protein-misfolding diseases (e.g., Alzheimer's disease or Amyotrophic Lateral Sclerosis) because under regular physiological conditions, metallochaperones activate or stabilize the native conformation of important metalloproteins (e.g., superoxide dismutase) in certain cellular processes. For an improved diagnosis and therapy of neurodegenerative diseases, new methodologies have to be developed that enable a well-defined differentiation between properly folded and inactive metalloproteins in clinical samples. In the literature it is reported that different high molecular mass metal-containing proteins were isolated in brain samples from Alzheimer's patients and in vegetables by using a 2-dimensional polyacrylamide gel electrophoresis (2-DE) procedure. In the present article, selected results of these studies are scrutinized and compared with some results obtained by a standardized method termed 'quantitative preparative native continuous polyacrylamide gel electrophoresis (QPNC-PAGE)'. Conclusively, QPNC-PAGE is a highly efficient approach used by biochemists to resolve native and denatured metalloproteins (MW 6 -200 kDa) in complex protein mixtures.
INTRODUCTION
Life on earth is primarily determined by dynamic processes of the proteomes of bioorganisms. The understanding of the processes in living systems depends to a great extent on our ability to isolate biologically active or native compounds (proteins) in biological samples for more detailed examination of chemical structure and function [1] [2] [3] . As about 30 -40 % of all known proteins require metal cofactors (e.g., Fe, Cu, Zn, Ni, Mn) for their proper folding, native metalloproteins have to be isolated, identified and quantified in biomatrices. Many of these cofactors play a key role in enzymatic catalytic processes or stabilization of globular protein molecules [1] [2] [3] . Therefore, researchers must develop non-denaturing separation methods (e.g., polyacrylamide gel electrophoresis [PAGE] or preparative native gel permeation chromatography [GPC] ) for separating, e.g., metalloenzymes, metallochaperones or prions in complex matrices (e.g., plant samples, clinical biofluids) and also for elucidating important metal cofactor metabolisms in biosystems and the proper folding of metal cofactor-containing proteins in conformational diseases [1] [2] [3] .
The interrelationships between the metal cofactors (e.g., Fe, Cu, Mn) in cells of humans and animals and the folding of metal cofactor-containing proteins into an active threedimensional (3-D) structure are essential for the understanding and investigation of the so-called "protein-misfolding diseases", e.g., Alzheimer's disease, Amyotrophic Lateral Sclerosis or prion diseases. For example, in Alzheimer's *Address correspondence to this author at the Institute for Chemistry and Dynamics of the Geosphere, Institute 3: Phytosphere, Research Center Juelich, Juelich 52425, Germany; E-mail: b.kastenholz@fz-juelich.de disease, normal cellular proteins, amyloid -protein precursor (A PP) and its proteolytic fragment, amyloid (A ), may interact with metal ions (Zn, Cu). These processes may precipitate protein aggregation of A or A PP and generate reactive oxygen species (e.g, superoxide). It is a well known fact that oxidative stresses have emerged as important potential mechanisms in brain aging and neurodegenerative diseases. For these reasons, the metal ion homeostasis must be strictly regulated in the cellular environment of organisms to avoid improper folding and aggregation of the proteins inside and outside the cell. In general, cellular metabolism, growth and development can be affected by disturbances of metal-associated biochemical processes .
Metallochaperones (e.g., copper chaperone for superoxide dismutase, CCS) play a key role in the field of intracellular metal ion regulation because these biomolecules are responsible for protecting and guiding metal ions to targets, for example, superoxide dismutase (SOD). The activity of SOD is primarily dependent upon the presence of a bound copper ion incorporated by CCS. Superoxide dismutases are very important antioxidant enzymes that guard against superoxide toxicity. Thus, properly-folded metal cofactor-containing enzymes may contribute to avoid cellular damage and malfunction under regular physiological conditions .
The native conformation or biologically active, unique 3-D structure of protein molecules that is required to perform their specific physiological function, may be influenced adversely by some extreme environments, for example, temperature, pH, hydrostatic pressure and salinity. Thereby, the native structures of metallochaperones or further globular metalloproteins can be denatured or fail to remain correctly folded. Additionally, denatured biomolecules may not be able to bind the correct metal cofactors under non-physiological conditions. Consequently, the dysregulation of metal ion homeostasis and oxidative stress in cells may occur. In these cases the inactive metallochaperones could neither recognize their partner proteins or enzymes, nor accomplish metal ion transfer via specific protein-protein interactions .
For developing diagnostic and therapeutic procedures for protein-misfolding diseases, it is extremely important to find bioanalytical strategies for isolating and quantifying known and unknown, properly and improperly folded metal cofactor-containing chaperones and enzymes. For example, a combined procedure consisting of gel permeation chromatography and quantitative preparative native continuous polyacrylamide gel electrophoresis (QPNC-PAGE) combined with inductively coupled plasma mass spectrometry (ICP-MS) and non-denaturing nuclear magnetic resonance (NMR) could be very efficient for investigating native and denatured metalloproteins in several biological systems [1] [2] [3] .
In the following sections, the specific properties of the QPNC-PAGE procedure are compared with some other electrophoresis methods. In addition, the efficiency of QPNC-PAGE is demonstrated with respect to the differentiation between properly and improperly folded metalloproteins. Finally, some future perspectives in the fields of pharmacology and clinical research concerning chaperones are briefly considered.
QUANTITATIVE PREPARATIVE NATIVE CONTI-NUOUS POLYACRYLAMIDE GEL ELECTRO-PHORESIS
Before the structure-function relationships of specific metalloproteins can be elucidated, these biomacromolecules have to be purified, separated and isolated by separation methods such as chromatography and electrophoresis. In these processes the metalloproteins must not be dissociated into apoproteins and metal cofactors. Furthermore, the bioactive structures (native conformation) of the metalloproteins in solution must not undergo any conformational changes during isolation. The applied methods have to be quantitative and native because this is an important prerequisite for detecting coexisting non-denaturing and denatured metalloproteins in protein mixtures [1] [2] [3] .
The principles and technical prerequisites of polyacrylamide gel electrophoresis procedures for separating charged biomolecules in the electric field are well known. Most electrophoresis techniques are semiquantitative methods because many analytes (proteins) become denatured during several electrophoretic processes, for example, by using sodium dodecyl sulfate (SDS) or other reagents. Furthermore, the separated proteins may interact with different gels because of sieving effects and could be denatured by interactions with unpolymerized monomers of the acrylamide gel. As an important example of a former state-of-the-art of electrophoresis, 2-dimensional polyacrylamide gel electrophoresis (2-DE) and blue native polyacrylamide gel electrophoresis (BN-PAGE) are mentioned here [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] .
Metalloproteins are highly purified and separated on nondenaturing gel structures according to their individual isoelectric points by using an electrophoresis chamber, Model 491 Prep Cell from Bio-Rad [1] [2] [3] .
At the pH 10.0 of the electrophoresis buffer (20 mM Tris-HCl, 1 mM NaN 3 , pH 10.0, 4°C) used by QPNC-PAGE, most proteins (MW 6 -200 kDa) of a biological system are charged negatively and migrate from the cathode to the anode in the electric field. Although the pH value (pH 10.0) of the electrophoresis buffer does not correspond to the physiological pH value within a cell or tissue type, the biomacromolecules of interest are eluted continuously by a physiological eluent (pH 8.00). The chemical stability of isolated metalloproteins in a PAGE fraction can be confirmed by using preparative native gel permeation chromatography [1] [2] [3] .
Additional information concerning other important parameters of the QPNC-PAGE procedure as well as the parameters of the applied GPC and element-specific detection methods related to atomic absorption spectrometry (AAS) are available in the references listed [1] [2] [3] .
CONFORMATIONAL ANALYSIS OF METALLO-PROTEINS
It is generally accepted that electrophoresis through polyacrylamide gels is a sensitive method for resolving different conformational states of a protein. Changes in protein conformation which are induced by changes in the cellular environment of an organism can be studied [59] . Complex processes, such as the folding and unfolding of proteins play an important role concerning, e.g., the catalytic activity of human and animal lipases. In one study, the authors concluded that there is a significant difference in the isoelectric points between the bioactive (native) and inactive (denatured) conformations of the enzymes investigated. Native and denatured proteins exhibit different electrophoretic mobilities in the electrophoretic methods employed [60] .
In another study, 2-D gel electrophoresis in combination with biopolymer mass spectrometry was used for isolating copper-, zinc-and iron-containing brain proteins of Alzheimer's patients [49] . The results of this study can be characterized as semiquantitative because 2-DE is a denaturing method. Therefore, a conformational analysis of the detected high molecular mass metalloproteins cannot be performed with 2-DE.
On the other hand, QPNC-PAGE is a state-of-the-art method for isolating bioactive isomers of metalloproteins because these show different electrophoretic mobilities during electrophoresis [1] [2] [3] . For example, high molecular mass cadmium proteins or species with molecular mass of about 200 kDa (HMM-Cd-SP) were detected in the supernatant fraction of the model plant Arabidopsis thaliana [1] [2] [3] . For isolating this protein, plant supernatant was subjected to preparative native GPC and the eluted HMM-Cd-SP in a GPC fraction with the highest Cd concentration (fraction 27) were isolated by using the QPNC-PAGE procedure. The HMM-Cd-SP eluted as a single peak in the resulting electropherograms as presented, e.g., in (Fig. 1) . The Cd elution maximum was detected by using AAS in PAGE fraction 24 [1] [2] [3] . Subsequently, the chemical stability of the isolated HMM-Cd-SP was investigated. For these purposes, plant supernatant was directly separated by QPNC-PAGE. The Cd elution maximum was again detected in PAGE fraction 24 [1] [2] [3] . The PAGE fraction with the highest Cd concentration (fraction 24) was then subjected to GPC and as expected the HMM-Cd-SP eluted as a single peak with a Cd elution maximum in GPC fraction 27 presented in (Fig. 2) . Thus, the stability of the bioactive HMM-Cd-SP using QPNC-PAGE was confirmed [1] [2] [3] .
In another study, HMM-Cd-SP with molecular mass of about 200 kDa were detected in Arabidopsis thaliana [62] . For these purposes Arabidopsis supernatant was enriched by precipitating proteins with (NH 4 ) 2 SO 4 . The precipitate was dissolved in buffer solution and the HMM-Cd-SP were separated by GPC. The resulting GPC fractions were analyzed for Cd by using ICP-MS and a GPC fraction containing the highest concentration of HMM-Cd-SP was further isolated by using the QPNC-PAGE procedure [62] . As a result the HMM-Cd-SP eluted as a single peak in the electropherogram with a Cd elution maximum in PAGE fraction 27. It could be shown that other proteins of Arabidopsis thaliana in addition to the HMM-Cd-SP coeluted in PAGE fraction 27. The chemical stability of the Cd proteins was not investigated [62] .
Comparing the results for the HMM-Cd-SP with [62] and without enrichment [1] [2] [3] of the Arabidopsis supernatant, it can be concluded that the native conformation of the HMMCd-SP denatured when the plant sample was treated with ammonium sulfate because the native Cd proteins were eluted in PAGE fraction 24 [1] [2] [3] , whereas the denatured Cd proteins were eluted in PAGE fraction 27 [62] . In both studies, aliquots of the same Arabidopsis supernatant were used as samples. Sample preparation of the Arabidopsis plants was carried out under native conditions and therefore, the formation of artefacts was avoided. The Arabidopsis supernatant was stored and cooled above liquid nitrogen for keeping the biomacromolecules of interest in their native states. All results concerning the investigation of the HMM-Cd-SP in native and denatured supernatant of this plant were reproducible. The respective GPC conditions were identical.
Native and denatured HMM-Cd-SP were charged negatively at pH 10.00 and migrated from the cathode to the anode in the electric field. According to their different isoelectric points these biomolecules exhibited different electrophoretic mobilities with the native Cd proteins eluting earlier than the denatured Cd proteins. Conclusively, different conformational states of the HMM-Cd-SP of Arabidopsis thaliana were resolved by using QPNC-PAGE.
CONCLUSIONS AND OUTLOOK
QPNC-PAGE is a high-resolution method for isolating native (properly folded) and denatured (improperly folded) metal cofactor-containing proteins. QPNC-PAGE may be a universal procedure for separating several metal cofactors (e.g., Zn, Cu, Ni, Pd, Co, Fe, Mn, Pt, Cd, Cr, Mo) in complex biological systems. (The concentrations of metals to be separated by QPNC-PAGE are in a physiologically active range of circa 1ng mL -1 ). Structure-function relationships of metalloproteins in the matrices of human beings, animals, (medicinal) plants and microorganisms could be elucidated by using this method in combination with ICP-MS and NMR. Sample enrichment, for example by protein precipitation, causes denaturation of metal cofactor-containing proteins and should be avoided in analytical processes concerning their structure.
By resolving native and denatured metalloproteins in biofluids, protein-misfolding diseases (e.g., Alzheimer's, Huntington's, Parkinson's disease, BSE, Amyotrophic Lateral Sclerosis, cancers, Mucoviscidosis, Menkes and Wilson diseases, Creutzfeldt-Jakob disease, a.o.) can be studied. For example, pathological cellular processes within an organism may be indicated by the detection of improperly folded metalloproteins (e.g., prions) in blood or cerebrospinal fluid. It is anticipated that QPNC-PAGE will contribute to the understanding of several protein-misfolding diseases. [3] .
